Direct and indirect observational evidence leads to the conclusion that high redshift QSOs did shine in the core of early type galaxies during their main episode of star formation. In a previous paper we showed that the evolution of the luminosity function of QSOs can be accounted for within the framework of the analytical hierarchical model for dark matter haloes in the line of the extended Press-Schechter formalism. The decline in the average QSO luminosity with time and the observational evidence for an almost constant ratio between the black hole mass and the bulge mass, suggest that the hierarchical order, which holds for dark haloes, is inverted in the processes involving baryons, i.e. stars and black holes in bigger galactic haloes on average form earlier than those in smaller ones. In this paper we present our model predictions for submillimeter galaxy counts and their follow-ups and we point out that the comparison with available data, in particular with the source counts at 850 and 450 µm, confirms the tight link between star formation and the BH shining phase in elliptical galaxies. In particular, data point to a model in which at a fiducial time t sh the QSOs reach luminosities high enough to trigger galactic winds, which remove the gas from the galaxies, stopping not only accretion on the central BHs but also star formation. The winds occur earlier in larger galaxies, which host more massive BHs. This sequence reproduces the main properties of elliptical galaxies, namely an almost coeval formation, a luminosity-metallicity correlation and, for the most massive, the enhanced [α/F e] ratios. The winds powered by the QSOs set up a correlation between the mass of the central BH and that of the bulge of the host galaxy, as observed. In this scenario elliptical galaxies first appear as ultraluminous far-IR objects, extremely faint and quite red in the optical bands; they are seen at high redshifts at 850 µm thanks to the very favourable K-correction. Later, the QSOs shine for a short time. As for the post-starburst phase, bright Lyman-break galaxies are the most likely optical counterparts at z > ∼ 3. A long passive evolution eventually follows.
INTRODUCTION
Till recently, QSOs had been for a long time the main probe of the epoch when galaxies are thought to have formed. Hubble Space Telescope observations, especially the HDF surveys, and ground based observations with the new 10 meter class telescopes, are offering new insights on the early phases of galaxy and QSO formation. Exploration of the local Universe are also yielding extremely relevant results to understand the QSO phenomenon. Very high angular resolution photometric and spectroscopic observations have demonstrated that Massive Dark Objects (MDO) are generally present in those nearby galaxies endowed with significant spheroidal components (Magorrian et al. 1998; van der Marel 1999) . MDOs are thought to be dormant BHs which spent their shining phase as QSOs. Indeed, the MDO mass function well matches the mass function of baryons accreted onto BHs during the QSO activity (Salucci et al. 1999, paper I) . Estimated MDO masses are roughly proportional to those of the spheroidal component of the host galaxy. This fact implies that high redshift and highly luminous QSOs have been hosted in massive early type galaxies. On the other hand, spectroscopic observations of QSO emission and absorption lines show that high redshift QSOs live in a metal enriched environment (see for a comprehensive review). Observations at far-IR and sub-mm wavelengths uncovered large amounts of dust in circumnuclear regions of QSOs (Omont et al. 1996) , irrespective of the model adopted: starburst in the host galaxy (see e.g. Yun et al. 1999; Chapman et al. 1998; Benford et al. 1999) or dust illuminated by the active nucleus (see e.g. Andreani, Franceschini & Granato 1999) . The discovery of the far-IR background (Puget et al. 1996; Fixsen et al. 1998; Hauser et al. 1998; Schlegel, Finkbeiner & Davis 1998) and the source counts obtained with SCUBA at 850 and 450 µm (see for a review ) support previous suggestions (Mazzei, De Zotti & Xu 1994; Franceschini et al. 1994; Hughes et al. 1998 ) that the infancy of spheroidal galaxies was spent in dusty environments.
All these facts suggest that QSOs at high redshift are active nuclei shining in early type galaxies, during the short fraction of the Hubble time when they were vigorously forming stars and still gas rich. The high metal abundance of the QSO environments strongly supports the idea that the bulk of star formation in host galaxies occurred before the QSO shining phase. Moreover optical spectroscopic and photometric observations support the idea that the bulk of the stars in E/S0 galaxies and in bulges of spiral galaxies, are old and formed very early in the Universe (Bower, Lucey & Ellis 1992; Bernardi et al. 1998; Renzini 1999) .
Guided by these results, we proposed a model in which the formation of QSOs and of early type galaxies are strictly related (Monaco, Salucci, Danese 1999, paper II) . Within framework of an analytical model where Dark Matter (DM) halo formation is described by Press Schechter (PS) formalism (Press & Schechter 1974) , we assumed that either halo spin or the occurrence of major mergers determines both the fraction of the total mass locked in the central BH and the rate of star formation in the host galaxy. This model is successful in reproducing: (i) the luminosity function of the QSOs as a function of redshift; (ii) the mass function of the BH remnants in nearby galaxies; (iii) the present day mass function of early type galaxies; (iv) the ratio of BH and bulge masses with its scatter. In particular, the observed evolution of the average luminosity of the QSOs, with its maximum at z ∼ 2.5 − 3, was obtained by assuming the QSO shining phase to have occurred later after the epoch of host halo formation. The required delay time decreases with increasing logarithm of the halo mass for MH < ∼ 10 12 M⊙. This introduces an inversion of the shining times with respect to the classical hierarchical order of structure formation.
Thus, our modelling of the structure formation follows the classical hierarchical scheme for the DM haloes, but it is based on the concept that baryons in dark haloes endowed with larger masses have shorter infall and cooling times. In this paper we present the predictions of this Antihierarchical Baryonic Collapse model for the formation and evolution of the galaxy spheroids (E, S0 galaxies plus the bulges of spirals). To follow the spectrophotometric evolution of these stellar systems, in particular during the dusty star-forming phase, we use the model GRASIL described by Silva et al. (1998) . We test our model of joint QSO and spheroid formation against available data on high redshift galaxies, with particular emphasis on the far-IR counts and the Lyman Break Galaxies (LBGs).
In Section 2 we summarize the estimates for the formation of early type galaxies derived from paper II. The evolution of the spectral energy distribution (SED) is discussed in Section 3. In Section 4 the far-IR counts and relevant associated statistics are modelled and compared with available data. Section 5 is devoted to discussion, Section 6 to a summary of the results.
Unless otherwise specified, the results we present have been obtained adopting a cosmological model with H0 = 70 km s −1 Mpc −1 , ΩΛ = 0.7, and ΩM = 0.3. We also performed the same computations in an Einstein-de Sitter cosmology with H0 = 50. The results, being essentially identical, are not shown. To avoid confusion, we indicate with lowercase t, times measured from the Big Bang, while galactic ages (i.e. times measured from the onset of star formation in a galaxy) are indicated with uppercase T .
THE FORMATION OF SPHEROIDAL GALAXIES
In paper II we have estimated the formation rate of DM haloes hosting early type galaxies. The extended Press and Schechter formalism (Press & Schechter 1974; Bond et al. 1991; Bower 1991; Lacey & Cole 1993) has been used to quantify the statistics of DM haloes. The mass function of DM haloes of mass MH at redshift z is given by
where ρ0 is the background density, Λ the mass variance on the MH mass scale, δc the collapse critical density and b(z) the linear growing mode. The probability that a halo of mass MH forms at redshift z can been estimated by the analytical procedure proposed by Percival & Miller (1999) , who tested its validity against large N-body simulations. As a result the number density of haloes with mass MH that form at redshift z f can be written as
where the formation probability is given by:
The assembly of baryonic structures like galaxies is a more complex process than DM halo formation. As a consequence additional assumptions are required in order to obtain the MF of the haloes presently hosting 'single' galaxies. Galaxy formation in large DM haloes may be inhibited by large cooling times. This results in an astrophysical cut-off that we modelled so as to reproduce the observed cut-off in the galaxy baryonic mass function (Salucci & Persic 1999 )
where M cool is the largest halo mass in which gas can cool down and β = 0.75 is defined by the relationship between DM halo mass and galaxy luminosity MH ∝ L β for elliptical galaxies (see paper II; see also equation (7).
At lower redshifts the formation of a single galaxy in a DM halo is suppressed by the lower density of the forming haloes which, in turn, inhibits the merging of subclumps. As the cross section for dissipationless merging is proportional to the square of the halo density and, as a consequence, to the square of cosmic density, we assume that the formation of galactic haloes is suppressed by a factor:
with z0 fixed as in paper II. The scheme adopted so far is in the framework of a classical hierarchical scenario for structure formation. On the other hand, paper II showed that in order to reproduce the evolution of the QSO LF with its maximum at z ∼ 2.5 − 3, and maintain the direct proportionality between the spheroid mass of the hosting galaxy and the remnant BH, it is necessary to delay the shining time with respect to the formation time of the haloes: t sh (MH ) = t f + t delay (MH) where
t0 is the delay time for halos with
is the halo mass of an L * elliptical. The value of the parameter α f ≃ 2 allows us to reproduce the QSO LFs. Then, the abundance of galactic haloes is computed from equations (2) and (3), evaluated at the shining time t sh , with suppression factors C cool (equation (4)) and C dens (equation (5)). Further merging of galactic haloes is assumed negligible, so that their comoving number density is conserved after t sh . In order to distinguish between haloes that host early type galaxies from those hosting late type galaxies, we introduced an additional 'morphological' parameter. The halo spin λ and the merging fraction f have been selected as possible 'morphological' parameters and their distribution functions computed. Spheroidal galaxies are assumed to be hosted in halos which, at the shining time, have (well defined) low values of the spins or have suffered a (particular) major merger (see Paper II for details).
The model produces predictions for galactic halo masses. The final corresponding bulge luminosities have been estimated using (see Salucci & Persic 1997) :
with β = 0.75 and M E H * = 6.7 × 10 11 M⊙. Following the above prescriptions, the number density of spheroids with final luminosity L bul has been computed as a function of z f . As described in paper II, the free parameters are fixed by reproducing the mass function of the galactic haloes of different broad morphological types, the QSO luminosity function and its evolution, the mass function of dormant BHs in the local Universe and the BH-bulge mass relation with its scatter. No further tuning of the model has been carried out in the present paper.
The bulges hosted by Sa galaxies have also been included. The associated estimate was obtained starting from the predictions of Monaco et al. (1999) for the spiral galaxies formation rate and taking into account that the fraction of Sa galaxies is a function of the luminosity. The Sa bulge masses were computed assuming the bulge light to be 40% of total luminosity.
The ensuing local luminosity density of stars in spheroids is ≃ 4.8 × 10
7 L⊙B M pc −3 . Using M/LB ≃ 7 M⊙/L⊙B , a typical value in our spectrophotometric models for old spheroids (see below), the ensuing baryonic mass density is ρ ≃ 3 × 10 8 M⊙ M pc −3 , which corresponds to Ω sph ≃ 2.2 × 10 −3 . This is very close to the value found by various authors (Persic & Salucci 1992; Fukugita, Hogan, Peebles 1998; Salucci & Persic 1999) .
THE SPECTRAL EVOLUTION OF SPHEROIDAL GALAXIES
Cluster elliptical galaxies exhibit a very tight colormagnitude relation, which can be explained if the bulk of their stars formed at very early epochs, corresponding to z > ∼ 2 (Bower et al. 1992; Ellis et al. 1997; Kodama et al. 1998) . The very weak dependence of the M g2 − σ relation on the galaxy environment suggests that field ellipticals are on average at most 1 Gyr younger than cluster ellipticals (Bernardi et al. 1998) . The bulges of spiral galaxies exhibit a tight correlation between the M g2 index and the intrinsic luminosity similar to that of the ellipticals (Jablonka, Martin & Arimoto 1996) . These facts support the conclusion that spheroids formed stars very rapidly at early epochs (see e.g. Renzini 1999 ). The rapid star formation can be strongly reduced or halted by galactic winds, if SN explosions (or the QSO activity itself, as shown later) transfer to ISM a significant fraction of their energy. Galactic winds were brought in the play in order to explain the mass-metallicity relation in elliptical galaxies ( Mathews & Baker 1971; Larson 1974) . The observed iron abundances in groups and clusters of galaxies can be explained if we admit that galactic winds expelled large amounts of enriched gas from spheroids (see e.g. Renzini 1997 ). In our models we follow this general scenario.
The spectrophotometric evolution in the UV and optical bands of bursts of star formation, under the assumption of no or very low dust absorption, has been investigated by many authors (e.g. Bruzual 1983; Arimoto & Yoshii 1986; Bruzual & Charlot 1993; Bressan, Chiosi & Fagotto 1994) . While the no dust approximation is likely to describe well the physical situation in elliptical galaxies after the onset of the galactic winds, dust is expected to play an important role during the starburst epoch. The major effect of dust is to transfer the bulk of emitted power from the UV and optical bands to the mid-and far-IR.
The spectral evolution of elliptical galaxies with an early dusty phase has been studied in detail by Mazzei et al. (1994) and by Silva et al. (1999) . The former model has been used by Franceschini et al. (1994) , who pointed out that the lack of detection in optical bands of the bright phase of the star formation in spheroids can be attributed to dust effects. These authors also claimed that radio and 60 µm counts then available favoured this hypothesis, and predicted the ensuing intensity and shape of the Far-IR Background (FIRB), later on uncovered by COBE (Puget et al. 1996; Fixsen et al. 1998; Hauser et al. 1998; Schlegel, Finkbeiner & Davis 1998) .
In order to compute the SEDs of the evolving spheroids we refer to the model GRASIL developed by Silva et al. (1998) , in which the effects of dust have been carefully taken into account. GRASIL has been tested against UV to radio SEDs of local spirals and starburst galaxies , Silva 1999 , and it includes: (i) chemical evolution; (ii) dust formation, assumed to follow the chemistry of the gas; (iii) integrated spectra of simple stellar populations (SSP) with the appropriate chemical composition; and (iv) appropriate distribution of stars, molecular clouds (in which stars form and subsequently escape) and diffuse dust. In particular, dust is spread over the whole galaxy and and its temperature distribution is determined by the local radiation field due to stars. It is noteworthy that the assumption of a single dust temperature turns out to be a significant oversimplification.
The star formation rate (SFR) before the onset of galactic winds at Tw, is described by the usual Schmidt-type law Ψ(T ) = νMg(T ) k (T is the galactic age) with k = 1, and ν = 10 Gyr −1 and ν = 2 Gyr −1 for Tw = 0.5 and Tw = 2 Gyr respectively. The justification for the choice of these two values for Tw will be given in Section 4; suffice to say here noticed that the details of the mechanism powering the galactic winds and, as a consequence, the onset time tw are still moot. We adopted the Salpeter IMF, Φ ∝ M −x with x = 1.35, between M l = 0.15M⊙ and Mup = 120M⊙. After 15 Gyr the spheroidal galaxies have 65% of their initial mass in stars (35% of the gas having been expelled) with a massto-light ratio M/LB ≃ 6.4 M⊙/L⊙B and ≃ 7.5 M⊙/L⊙B for Tw = 2 and Tw = 0.5 Gyr respectively.
Regarding the far-IR dust emissivity law, crucial in predicting sub-mm fluxes, Silva et al. (1998) found that the IR spectrum of the archetypal ultraluminous infrared galaxy (ULIRG) Arp 220 is well represented by kν ∝ ν 1.5 , whilst kν ∝ ν 2 is more suitable for M82, the prototype starburst galaxy. In the following section we will test both laws above 40 µm, since a single emissivity law may be too strong an assumption (see e.g. Finkbeiner & Schlegel 1999) . Arp 220 may however be a more representative model for the formation of a spheroid during the star formation phase than M82.
In Figs. 1 and 2 model SEDs of elliptical galaxies are shown as a function of time adopting kν ∝ ν 1.5 above 40 µm. In the former case, gas and dust are removed and star formation is stopped by a galactic wind at an age Tw = 0.5 Gyr, while in Figs. 2 the galactic wind occurs at Tw = 2 Gyr.
With the onset of the galactic wind gas and dust are removed and the stars already formed emerge and shine in the optical bands, while the IR luminosity drops dramatically, as apparent in Figs. 1 and 2. Of course both cases exhibit the same behavior at T >> Tw. However the model with Tw = 0.5 Gyr passes through a relatively blue phase (in the rest frame) during the first Gyr after the onset of the galactic wind, while in the case where Tw = 2 Gyr, the galaxy emerges with redder in colour.
The UV and optical colours of the spheroids during the starburst dusty phase critically depend on the arrangement of stars and dust, which set the small fraction of UV luminosity escaping from molecular clouds (where stars are born). Therefore they can hardly be predicted by any modelling, Figure 1 . Model SEDs of elliptical galaxies before (thicker lines) and after (thinner lines) the onset of galactic winds, in this case at an age Tw = 0.5 Gyr. Numbers along the curves are the age of the corresponding models. and only observations can help in understanding the physical processes involved. For instance, local starburst galaxies, which are both strong IR emitters and relatively blue objects, are well reproduced by GRASIL, allowing stars to emerge from rather thick clouds (τ (1µm) ∼ 30, as typical in the Galaxy) on timescales of the order of 10 7 ys . Conversely Silva (1999) has shown that a very red optical spectrum, resembling that of the Extremely Red Object HR 10 (Hu & Ridgway 1994; Cimatti et al. 1998; Dey et al. 1999) , can be obtained assuming longer timescales for the escape of stars from molecular clouds, provided that a significant fraction of them has a much lower optical thickness (τ (1µm) ∼ 2).
The radio emission is computed starting from the type II SN rate (Condon & Yin 1990) , under the assumption that all stars with mass MSN ≥ 5 M⊙ end in a SN; the radio luminosity has to be decreased by a factor ∼ 2 if MSN ≥ 8 M⊙ is assumed (see Silva 1999 for details).
OBSERVATIONAL TESTS
There are several observational facts suggesting that QSO evolution and the history of star formation in elliptical galaxies are deeply related. In the following we now consider how the observational results constrain the relevant times for QSOs and ellipticals in a defined sequence.
Constraints on the relation between tw and t sh from the 850 µm counts
The observed abundances in broad emission line regions (BELR) of QSOs and in the 'intrinsic' Narrow Absorption Line Regions (z abs ∼ zem) imply that, prior to t sh , the QSO shining epoch, a significant amount of star formation had already occurred. In order to reproduce the LF evolution of QSOs, Monaco et al. (1999) showed that t sh has to be delayed by a time interval t delay from the halo formation epoch t f (see equation (6)). Thus, if we denote t⋆ the epoch of the onset of star formation activity in the hosting spheroid, the ensuing time sequence is t f < ∼ t⋆ < t sh = t f + t delay . An other relevant time in the history of the elliptical galaxies is the time tw = t⋆ + Tw of the onset of galactic winds. From Figs. 1 and 2 it is apparent that the time interval Tw is directly related to the far IR visibility of the star bursts in spheroids. The duration of the dusty epoch is the most direct clue to pinpoint the time tw and can be tested by far-IR counts and related statistics. An obvious possibility is that tw ≃ t sh , i.e. that the QSO removes the remaining gas when it reaches the threshold luminosity required to overcome the potential well of the galaxy. This mechanism would produce a direct dependence of the mass of the BH on the mass of the bulge of the host galaxy (Silk & Rees 1998; Fabian 1999) .
Coupling the SED evolution predicted by GRASIL (Section 3) with the number density of the spheroids having current luminosity L bul and formation redshift z f (Section 2), we compute the expected submillimeter galaxy counts. The results displayed in Fig. 3 show that a very good fit to the bright source counts at 850 µm is obtained with tw = t sh and with a time scale for star formation ν = 4/Tw Gyr −1 (where Tw ≡ tw − t⋆ = t delay is measured in Gyr), provided that the dust emissivity scales as kν ∝ ν 1.5 . In this case, henceforth Model A, Tw ranges from ∼ 0.4 Gyr for the largest objects to ∼ 2 Gyr for the smaller objects still significantly contributing to the observed counts. Conversely, a longer delay in the onset of the galactic wind, Tw ≥ 2 Gyr, is required for all the galaxies, if we are to get an almost equivalent fit with a steeper dust emissivity kν ∝ ν 2 . Henceforth Model B is defined by this emissivity, by Tw ≡ tw − t⋆ = 2 Gyr and ν = 2 Gyr −1 . In both cases we set t f = t⋆, since a significant delay in the onset of star formation would result in lower predicted counts. The rapid decrease of the counts at the bright end corresponds to the very steep slope of the bright portion of the Luminosity Function, dominated by massive objects.
In the case tw = t sh and for fluxes S850 > ∼ 1 mJy, the redshift distribution is relatively broad, with almost all the sources lying in the redshift interval 1 (Fig. 4) . However we predict a non negligible number of sources at z > ∼ 5. Even at a flux limit S850 > ∼ 10 mJy almost all the sources are predicted to lie at z > ∼ 2. This is in agreement with the results obtained so far by the spectroscopy of the optically identified counterparts of SCUBA sources ). For the case Tw = 2 Gyr the redshift dis- Fig. 3 it is also apparent that the contribution to the counts in this flux interval by disc and starburst galaxies is negligible. In order to verify this conclusion, we have maximized the possible contribution by assuming that the luminosity of local starburst galaxies evolves at a rate ∝ (1 + z)
3 (see e.g. Pearson and Rowan-Robinson 1996) , which would produce an excess of radio counts at level of a few hundreds of µJy at 1.4 and 5 GHz.
The predicted counts of spheroids at 450 and 175 µm are reported in Fig. 5 . At 450 µm the spheroids are still the most important contributors, at least in the restricted range of fluxes in which data are available. By contrast, at 175 µm the expected contribution is negligible at the bright limit S175 ∼ 100 mJy Kawara et al. 1998 ). This is due to the fact that the K-correction is not as favourable as it is at longer wavelengths, diming sources at z > ∼ 3, where most of the dusty spheroids are located (cfr. Fig. 4) . Scott et al. (1999) have observed with SCUBA at 450 and 850 µm a subsample of objects selected at 175 µm. The resulting submillimeter spectral energy distributions suggest that these objects are at low or moderate redshifts 0 ≤ z ≤ 1.5.
At shorter wavelengths, the spheroids emerge as an important component at about 10 mJy at 60 µm; at 90 µm, they start to be a non negligible fraction at fluxes S90 < ∼ 30 mJy. The latter limit is within the reach of the ELAIS survey covering about 20 square degrees at 90 µm (Efstathiou et al. 1999) . Indeed, from 50 to 80 of these high z spheroids are expected in the ELAIS survey, a fairly large sample compared to the small sample of about 15 sources presently available at 850 µm ). The expected counts at lower frequencies, namely at 8, 5 and 1.4 GHz will be discussed elsewhere.
In conclusion, the comparison of the model outcomes with the 850 µm source counts and the related statistics suggests that there are two possible scenarios: either (Model A) the time sequence is t f ≃ t⋆ < t sh ≃ tw and hence the duration of star formation is Tw ≡ tw −t⋆ ≃ t sh −t f = t delay (ranging from ∼ 0.4 Gyr for the largest objects to ∼ 2 Gyr for the smaller objects still significantly contributing to the observed counts), or (Model B) t f ≃ t⋆ < t sh < tw with a duration of star formation Tw = tw −t f ≃ 2Gyr > t sh −t f = t delay .
Is tw ≃ t sh the most likely solution?
Both time sequences presented above can reproduce 850 µm counts under plausible assumptions. How do they compare with constraints emerging from the observed properties of early type galaxies? Constraints to tw have been derived from the evolution of iron abundance relative to that of α elements. Matteucci (1994 Matteucci ( , 1996 claims that the onset of strong galactic winds should occur on a time scale of a few 10 8 years at most; this would ensure that the combination of SNIa explosions and prolonged star formation does not produce a significant number of stars with a very low [M g/F e] ratio. In fact this would be at odds with the estimated chemical composition of local massive ellipticals. However this conclusion is based on complex and still unsafe assumptions on the rate of SNIa. Recent estimates of the rate of SNIas associated with main sequence progenitors predict a time scale ∼ 1 Gyr for a significant injection of iron in the ISM (Kobayashi, Tsujimoto & Nomoto 1999) , if the effect of low-metallicity inhibition of SNIa (Kobayashi et al. 1998 ) is accounted for.
Even with this revision, the time sequence of Model B, with the duration of the star formation Tw ≃ 2 Gyr for all galaxies irrespectively of their masses, is heavily challenged by the larger than solar [M g/F e] ratios found in ellipticals. On the other hand, the sequence of Model A, characterized by a duration of the star formation Tw = t delay , can reproduce the main properties of elliptical galaxies. The short time-scale of the star formation t sh − t f < ∼ 1 Gyr for ellipticals with baryonic masses > ∼ 8 × 10 10 M⊙ accounts for the observed α enhancement. We predict that less luminous and less metal enriched ellipticals exhibit lower [M g/F e] ratios, and, in particular, those brighter than MB < ∼ − 20 exhibit [M g/F e] larger than solar. Of course the same trend is expected for the ratios in BELRs, if their composition reflects the chemical properties of the hosting galaxies. Yet, [M g/F e] ratios much lower than solar have been tentatively claimed for BELRs of some QSOs. This may suggest that a large amount of SNIa had already exploded in these particular regions (Hamann & Ferland 1993 ); any conclusion seems premature given the significant uncertainties associ-ated with iron abundance estimates for BELRs (Sigut & Pradhan 1998; Verner et al. 1999 ).
An additional clue in support of tw = t sh is the observational result that the BH mass MBH is roughly proportional to the bulge mass M bulge of the host galaxies, though with a large scatter (Ho 1998; Magorrian et al. 1998; van der Marel 1999) . This relationship can stem from the influence of QSO activity on the history of galaxy's formation (Silk & Rees 1998; Fabian 1999) . In particular, a fraction of the QSO luminosity can be deposited as mechanical energy of the surrounding medium; resulting galactic winds stop both the accretion onto the BH (and thus the increase of the BH mass) as well as star formation. Since the luminosity required to remove the gas is related to the potential well of the host galaxy, the triggering by the QSO activity of the galactic wind would produce a relationship of the form MBH ∝ M γ bulge . The exact value of γ is somewhat uncertain, but close to 1. However, different physical mechanisms leading to a direct proportionality between the bulge and BH masses can be found. Nuclear activity for instance may slow down the SFR at early epochs in spheroids, keeping them gaseous until they reach the threshold mass beyond which nuclear activity is no longer able to prevent rapid star formation.
We conclude that there are suggestive clues in favour of tw ≃ t sh .
DISCUSSION
In our model the bulk of star formation in spheroids occurrs in dusty environments in the redshift interval 1.5
During the starbursting phase the objects are quite faint at UV and optical wavelengths. Then QSOs begin to shine in the centre of the galaxies. Powered by the active nuclei, the galactic winds remove the gas and dust, stars emerge and the spheroids become bright even at short wavelengths (cfr Figs. 1 and 2 ). In this section we discuss the various phases predicted by the model and we try to identify the proper counterparts.
The starbursting spheroids and the SCUBA galaxies
How do the characteristics of spheroids in our model compare with those of the submillimeter selected galaxies? For the two submillimeter sources ( SMM J02399-0136 and SMM J 14011+0252) with reliable identification and redshift, the far-IR luminosity and the measured CO abundances suggest that star formation may be as high as 1000 − 2000 M⊙yr −1 . Two additional SCUBA sources have been optically identified with Extremely Red Objects. The available optical identifications so far obtained point toward very faint (I ≥ 26 − 27) counterparts ). In our model, the most massive spheroids have SFR ranging from several hundreds to thousands M⊙yr −1 , but they are very faint at optical wavelengths during the dusty phase. As for the optical colours, they are very sensitive to the tiny fraction of UV emission surviving after dust extinction and can in practice span a large range of values, even at a given redshift. Indeed we can reproduce the 850 µm source counts with objects exhibiting, during the dusty phase, colours similar to those of EROs, and with relatively bluer ones. This can be achieved simply by acting on the small fraction of young stars which have already moved out from the parent clouds and/or on the typical optical depth of clouds, but still keeping the galaxies very faint.
The extraordinary bursts of star formation before tw result also in large radio luminosities. proposed that the ratio between far-IR and radio fluxes S850/S1.4 can be used to locate in redshift the IR emitting galaxies. Within our scheme we predict that the 850 µm sources with 1 < ∼ S850 < ∼ 10 mJy have radio fluxes at 5 GHz 5 < ∼ S5 < ∼ 200 µJy (cfr. Fig. 1 ), in agreement with the first measurements of radio emission from the far-IR selected galaxies obtained by . However higher radio luminosity may occur in the cases where even a low active nucleus is present (see below).
Post starburst spheroids and Lyman break galaxies
In this context a relevant issue is the relation of high redshift galaxies selected in UV, optical, and near IR band with the submillimeter selected galaxies. Steidel et al. (1999) , using a galaxy sample complete to an apparent magnitude IAB < ∼ 25 and appropriate color criteria, were able to identify a large sample of galaxies with the Lyman break falling in the optical or near UV bands. The UV luminosity density ascribed to this population at z = 3 is in agreement with the previous estimates by Madau, Pozzetti & Dickinson (1998) . These objects at z ≥ 3 have been claimed to exhibit dust absorption with reddening ranging from 0 ≤ E(B − V ) ≤ 0.4, with an average value of ∼ 0.15 ). After correction for the implied dust extinction, the UV luminosity density of the LBGs at z ∼ 3 − 4 would be almost equal to that inferred from galaxies lying at z ∼ 1 (Connolly et al. 1997) . The corresponding extinction corrected star formation rate of a typical M⋆ galaxy would be of about 60 M⊙yr −1 . This implies a SFR per unit volume almost constantρSF R ≃ 0.15 M⊙ yr −1 M pc −3 from z ∼ 1 to z ∼ 4. However, SCUBA observations of a selected subsample of LBGs resulted in only one possible detection and in a stringent upper limit on the far-IR emission of the population as a whole . The latter authors pointed out that LBGs lying at z > ∼ 3 can hardly account for more than 0.2 per cent of the 850 µm background estimates. The conclusion is that LBGs are less dust-extinct than previously estimated, and therefore their SFR is far too low to be the optical counterparts of the spheroids during their dusty starburst phase.
On the other hand, the optical counterparts of spheroids, after the removal of most of the gas and dust, could be found among the bright LBGs. For instance, a galaxy with M ≃ 10 12 M⊙ with star formation started at z ≃ 5 and with the galactic wind already established after Tw ≃ 0.5 Gyr, would have IAB < ∼ 25 since z < ∼ 4, matching the first photometric selection criterion of LBGs. Moreover this galaxy would exhibit colours (G − R) and (R − I) quite similar to those of the LBGs, as evidenced by Fig. 6 .
It is also worth noticing that in our schematic model star formation has completely stopped after tw. However, while the galactic wind is supposed to remove most of the Figure 6 . Track of the model of Fig. 1 , assumed to begin star formation at z f = 5, in the two colour plane (G − R) vs. (R − I) used by Steidel et al. (1999) to identify Lyman Break Galaxies. Number along the track (solid line before the wind and dotted afterwards) are the corresponding redshifts. The upper left region bounded by solid lines is the region in which LBGs have been selected. dust and gas, the SFR can drop down from several hundred M⊙ yr −1 before tw to SF R ∼ 10 M⊙ yr −1 , compatible with the observed UV emission from a typical LBG. Since this more prolonged star formation would involve only a minor fraction of the galaxy mass, say 5-10 per cent of the mass in 1-2 Gyr, the present day spectra of the galaxy would be unaffected. A residual low level of star formation activity has been inferred from broad band spectra of the HDF elliptical galaxies at z ∼ 1 (Franceschini et al. 1998 ). Though at t > tw high redshift spheroidal galaxies are expected to be free from major effects of dust extinction, a possible low surviving SFR can significantly affect their optical colours. In this context it is worth noticing that multi-wavelength observations of of high redshift radio galaxies (Pentericci et al. 1997 (Pentericci et al. , 1998 show big clumps of red stars co-existing with small knots of star formation.
Spectroscopic observations have already shown that a substantial fraction of bright LBGs exhibit absorptiondominated spectra . This is in keeping with our expectations these objects are on average rather massive objects M > ∼ 10 11 M⊙ and have an about solar chemical composition in stars, and higher in whatever gas remains.
In the proposed scheme, the elliptical galaxies and QSOs at high redshift are strongly clustered since they are shining in the most massive virialized haloes at high z. Additional, though indirect, support for the idea that LBGs are post-burst spheroids is furnished by observations confriming them to exhibit very significant clustering with a comoving correlation scale equal or larger than that of galaxies in the local Universe ; for a review Steidel et al. 1998 ).
The recent detection of a population of bright and red early type galaxies at z > ∼ 1 (Benitez et al. 1999 ; see also Treu & Stiavelli 1999) confirms that stars in ellipticals formed in the early universe on short time-scales and well fits in our scheme. On the other hand it has often been suggested that the bulk of the star formation in these objects occurred at high redshift z > ∼ 10. However, the formation of large ellipticals at very high redshift would conflict with very basic concepts on the evolution of the DM perturbations in the early Universe. This hypothesis would also require an alternative to the explanation of the submillimeter counts presented in Section 4.1.
The star formation evolution in the spheroids
The star formation rate per unit volumeρ⋆ as a function of redshift implied by our modelling is presented in Fig. 7 . In the figure, the data inferred from the UV emission of optically selected galaxies are also reported, with (points with error bars) and without (upper empty symbols) correction for extinction ). In our view, the data at z < ∼ 2 trace mainly the history of star formation in discs and dwarves, while the solid line models the SFR in spheroids.
The data referring to the LBGs are well below our prediction ofρ⋆ for the spheroids. We have not corrected these data for dust extinction, since direct SCUBA observations of a sample of LBGs show that LBGs, as a population, are weak sub-mm emitters . The level ofρ⋆ inferred from the observed UV emission is consistent with our hypothesis that LBGs are possible optical counterparts of the spheroids at t > ∼ tw = t sh , when their SFR has dropped by a significant factor.
Exploiting a model in which the final morphology of the galaxies depends on the number of collisions and tidal interactions they suffer (Balland, Silk & Schaeffer 1998) ,quite a similar star formation rate per unit volume has been derived for spheroids by Tan, Silk & Balland (1999) . In particular, they broadly reproduce the 850 µm counts with objects that suffered important collisions and that they identify as precursors of spheroidal objects. The conclusion that rapid star formation activity is required at z > ∼ 3 has also been reached by . They showed that in order to reproduce the observed far-IR counts the activity (in their model this term may refer to both starbursts and to AGN) in galaxies had to be a factor of 200 larger at z ∼ 3 then in the local Universe.
The QSO phase
It has often been claimed that AGNs may contribute in a significant way to the FIRB and thus to the 850 µm source counts (see e.g. Fabian & Iwasawa 1999; Almaini, Lawrence & Boyle 1999) . However, by comparing models for the IR emission and X-ray absorption of dusty tori around AGN with IR and X-ray observations, Granato, Danese & Franceschini (1997) have shown that obscured AGNs, which probably produce the Hard X-ray Background Radiation (HXRB), contribute only a small fraction of the FIRB at submillimeter wavelengths. Optically selected QSOs are known to emit in the far-IR, but they are not important contributors to the FIRB.
Indeed, have shown that, in order to explain the optical counts of AGN and the HXBR, a present day mass density in BHs ρBH ≃ 6.5×10
5 M⊙/M pc 3 is required. If the bulk of this mass has been accreted onto the BHs during an high redshift (say z ≥ 2.5) dusty phase, then it may yield at most an integrated contribution to the FIRB I ≃ 3 × 10
where ǫ is the rest mass-energy transformation efficiency and ze the effective emission redshift. Even though, given the present uncertainty of the data, ρBH may be underestimated by a factor ∼ 2, the contribution estimated from equation (8) is bound to be a fraction of the total intensity observed by COBE (Fixsen et al. 1998) . It is worth noticing that the AGN/QSOs contribution would peak at ≃ 100 µm (Granato et al. 1997) , since in the rest-frame their spectra peak at ≃ 30 µm (Granato & Danese 1994; Efstathiou & RowanRobinson 1995) . In our scheme there is a strict connection between the burst of star formation in E galaxies and the QSO shining phase. Indeed, after the bright QSO phase, the onset of galactic winds stops the copious star formation occurring in the host galaxy at t sh < ∼ tw. Thus we predict that QSOs at high redshift have in general quite large SFR in their host galaxies. Several objects with these characteristics have already been found (e.g. Omont et al. 1996; Ivison et al. 1998; Benford et al. 1999; Yun et al. 1999 ). The fraction of QSOs in an unbiased submillimeter survey depends on the ratio between the duty cycle, tQSO ≃ 4 × 10 7 yr, and the wind age Tw ≃ 0.5 − 2 × 10 9 yr. Thus a fraction of QSO less than a few percent is expected. However, nuclear activity at low levels (in the sense that it is not dominating the far-IR emission) can be present in many SCUBA galaxies; this phase corresponds to the rise of the QSO activity. It is encouraging that, while no QSO has been detected among the 15 850 µm selected sources, several of them exhibit some signs of low nuclear activity .
Interestingly enough, similar evolution patterns can be applied to ultra luminous infrared galaxies (Sanders et al. 1988) . In our scheme the ULIRGs correspond to the dusty starburst phase. This is in keeping with recent ISO observations that show that for the local ULIRGs, the starburst activity is sufficient to power the bulk of the bolometric luminosity (Genzel et al. 1998 ). However we also expect cases in which the QSO light reprocessed by dust in the host galaxy is dominating over the far-IR emission due to the starburst. The relative abundance depends on the ratio between the duration of the star formation and the typical QSO duty cycle.
In Fig. 7 the mass accretion rate per unit volume is also shown, as derived from the observed evolution of QSO luminosity function (cfr. paper II; Pei 1995). The 850 µm counts coupled with the requirement of at least solar metal abundances in the host galaxies imply that the star formation activity peaks earlier than the observed QSO activity.
Monolithic collapse or early merging in massive spheroids?
The hierarchical scheme in the Dark Matter component can naturally explain the onset of QSO activity and star formation in spheroids. The baryons in the haloes must be prompt enough to form stars and QSOs in order to reproduce our favoured time sequence of Model A, with the most massive objects completing their activity in a very short time-scale tw − t f ≃ 0.4 Gyr. The shining of the QSO is the final, brief time episode of the vast processes involved in assembling baryons in stars and BH. Since star formation in massive ellipticals occur early and in short time scales, the emerging picture is closer to the concept of a 'monolithic' collapse (in the sense that the time scale of the galaxy formation is very short) of baryons inside the haloes than to 'classical' hierarchical semi-analytic models, as those discussed for instance by Kauffmann & Charlot (1998) and Governato et al. (1998) . In particular, the connection between ellipticals and quasars has been addressed recently by Kauffmann & Haehnelt (1999) . In their 'classical' scenario of the merging process they reproduce the QSO activity decline, but the most massive spheroids form late. However the formation of massive spheroids can be due to fast merging at high redshift. For instance the collisioninduced galaxy formation model (Balland et al. 1998 ) predicts a collision rate ∝ (1 + z) 5/2 M gal . Exploiting this collision rate, coupled with a starburst luminosity proportional to the average galactic mass and gas fraction of the merging systems, Tan et al. (1999) were able to broadly reproduce the 850 µm counts. In fact, if ellipticals form at relatively high redshift (z ∼ 2 − 5) from the merging of small clumps, the details of the merging events are of little interest given the poor angular resolution of submillimeter observations. On theoretical grounds it can be shown that the gas infall rate, the cooling time-scale and the feedback tend to produce high enough rates of star formation in large haloes. White & Frenk (1991) have shown that the star formation rate in DM haloes increases both with redshift and with mass, namely SF R ∝ M α with α ≃ 1.3 and can be as high as 500 − 1000 M⊙ yr −1 . On the other hand the high SFRs and IR luminosities implied by the far-IR counts require that star formation can not have occurred in smaller subclumps at very high redshifts, say z ∼ 10. It is possible that the SFR has been kept very low in the subclumps by 'external' (e.g. a UV background) or by 'internal' mechanisms (e.g. the activity of the nucleus). The above mechanisms, combined with others, which can keep the SFR low at very high redshift, should then become ineffective for large masses at z < ∼ 6. The analysis of these possible mechanisms is deferred to a subsequent paper.
SUMMARY
Extending the results of paper II, we have presented a unified scheme for the formation of QSOs, elliptical and S0 galaxies, and for the bulges of spirals. The scheme is within the framework of hierarchical models for DM structure formation. We have shown that the main aspects of the evolution of spheroidal galaxies and QSOs can be well understood if we assume an Anti-hierarchical Baryonic Collapse model, i.e. that the baryons in large haloes collapse very rapidly to form stars and QSOs, while the collapse of baryons in smaller halos is significantly delayed.
We have shown that the time sequence of Model A t f ≃ t⋆ < t sh < ∼ tw, with TW = tw − t f ranging from ∼ 0.4 to ∼ 2 Gyr for the more and the less massive galaxies respectively, can explain:
(1) the evolution of the QSO Luminosity Function (cfr paper II);
(2) the 850 and 450 µm source counts together with their related statistics; (3) the relation between the BH mass and the mass of the host galaxy bulge; (4) the main aspects of the chemical evolution of spheroids (high metallicity, luminosity-metallicity relationship, the α enhancement) and the observed elemental abundances in QSOs;
(5) the detection of high redshift, red and old massive ellipticals coupled with the lack of detection of the blue starbursting phase.
This general view implies the following evolution sequence for massive ellipticals:
(i) they first appear, at high redshifts z > ∼ 3 − 6, as ultraluminous far-IR galaxies. This phase lasts for Tw ∼ 0.5 − 2 Gyr. They are optically very faint IAB > ∼ 26 − 27 with colors difficult to predict, in the sense that, depending on uncertain details of dust distribution, both rather blue objects (like local starburts) and very red objects (like EROs) can be expected;
(ii) the QSO phase then follows. The IR emission is attribuable both to the starburst and the nuclear activity. This phase lasts for the QSO duty cycle tQSO ≃ 4 × 10 7 yr and ends at tw, with the onset of galactic winds, which eject most of the gas and dust and drastically reduce SFR and nuclear activity.
(iii) the ellipticals, whose tw corresponds to epochs earlier than z ≃ 3, can then appear as bright LBGs. A long epoch of passive evolution follows, with spectra becoming quickly red.
The scheme also implies that 850 µm selected galaxies are strongly clustered. The same holds true for LBGs, if they are the descendants of SCUBA galaxies.
Although the emerging picture is consistent with hierarchical models for structure formation, nevertheless it requires significant modifications in classical semi-analytic models.
